Transfer RNAs (tRNAs) and small nucleolar RNAs (snoRNAs) are two of the largest classes of nonprotein-coding RNAs. Conventional gene finders that detect protein-coding genes do not find tRNA and snoRNA genes because they lack the codon structure and statistical signatures of proteincoding genes. Previously, we developed tRNAscan-SE, snoscan and snoGPS for the detection of tRNAs, methylation-guide snoRNAs and pseudouridylationguide snoRNAs, respectively. tRNAscan-SE is routinely applied to completed genomes, resulting in the identification of thousands of tRNA genes. Snoscan has successfully detected methylationguide snoRNAs in a variety of eukaryotes and archaea, and snoGPS has identified novel pseudouridylation-guide snoRNAs in yeast and mammals. Although these programs have been quite successful at RNA gene detection, their use has been limited by the need to install and configure the software packages on UNIX workstations. Here, we describe online implementations of these RNA detection tools that make these programs accessible to a wider range of research biologists. The tRNAscan-SE, snoscan and snoGPS servers are available at
INTRODUCTION
Transfer RNA (tRNA) genes make up the single largest gene family. A typical eukaryotic genome contains hundreds of tRNA genes; the human genome contains an estimated 600 tRNA loci (1) . Knowing the tRNA repertoire of an organism is important because it affects the codon bias seen in highly expressed protein-coding genes. The small nucleolar RNAs (snoRNAs) are involved at various stages of eukaryotic rRNA and small nuclear RNA (snRNA) biogenesis (2) . In archaea, homologous classes of snoRNA-like small RNAs are involved in the biogenesis of rRNAs (3) and tRNAs (4, 5) . The two major families of snoRNAs are involved in guiding the two most common types of RNA modification: Box H/ACA snoRNAs are required for RNA pseudouridylation, while most of the C/ D box snoRNAs guide RNA ribose methylation (2) .
In a time when complete genomes are being rapidly sequenced, it is important to have an accurate means of tRNA and snoRNA gene identification. However, conventional gene finders that detect protein-coding genes do not detect genes for tRNAs and snoRNAs because RNA genes lack the sequence signals used by these programs (6) . As a result, customdesigned gene finders have been required for the computational identification of non-protein-coding RNAs, such as tRNAs and snoRNAs (6) .
Previously, we developed tRNAscan-SE (7), snoscan (8) and snoGPS (9) for the detection of tRNAs, methylationguide snoRNAs and pseudouridylation-guide snoRNAs, respectively. tRNAscan-SE has been applied to all completed genomes, including the human genome (T. M. Lowe, manuscript in preparation; see http://lowelab.ucsc.edu/GtRNAdb/). Snoscan has detected scores of methylation-guide snoRNAs in eukaryotic (8, 10, 11) and archaeal genomes (12) and snoGPS has identified novel, experimentally verified pseudouridylationguide snoRNAs in yeast (9) and mammals (P. Schattner, S. Barberan and T. M. Lowe, manuscript in preparation).
However, applying these programs to search for tRNAs and snoRNAs is not always straightforward. The programs need to be downloaded and installed on the user's UNIX-compatible computer system, and various options and data files must be configured or specified. Consequently, these programs have not been applied as widely or effectively as possible. In order to facilitate the application of these programs to a wider range of genomic searches, we have implemented a web server interface for them. With these servers, research biologists will be able to apply tRNAscan-SE, snoscan and snoGPS to standard tRNA and snoRNA searches without having to install the programs on their local systems.
DESCRIPTION
The tRNAscan-SE, snoscan and snoGPS servers are accessed via the Lowe Lab Web server Interface at http://lowelab. ucsc.edu/tRNAscan-SE/, http://lowelab.ucsc.edu/snoscan/ and http://lowelab.ucsc.edu/snoGPS/, respectively. All three servers have similar user interfaces with differences limited to search-specific configuration options.
Each user interface consists of four major components:
(ii) Query sequence selection.
(iii) Target sequence selection (not applicable for tRNAscan-SE). (iv) Configuration of search-mode and options for displaying results.
The search mode determines which probabilistic model to be used in searches-each model is based on tRNA or snoRNA training data from selected species or phylogenetic groups (i.e. mammals, yeasts and archaea). If no explicit model for the species of interest is available in the user interface, specifying either a general model or a model from a related species generally yields good results. Different search modes can offer varying speed and sensitivity.
Query sequence selection is used to specify the sequences to be searched for tRNAs or snoRNAs. Raw or formatted sequence data can be pasted directly into the query sequence box or can be uploaded from a local file. Each server also has a set of program-specific search and output-display options. Examples include choice of genetic code for determining tRNA isotype for tRNAscan-SE, limits on the distances between some of the sequence motifs (e.g. C and D boxes) in snoscan and limits on the minimum number of base pairings in the guide region for snoGPS. In addition, each program has adjustable cutoff scores enabling tradeoffs between scan sensitivity and specificity. In most cases, the default parameter choices will be satisfactory and should be selected, especially by new users. However, more experienced users are able to exert some control over the program's results by manipulating these parameters.
The default output for tRNAscan-SE includes the location of each identified tRNA, the predicted anticodon, introns (if present) and the tRNA covariance model score. Also included are the overall statistics for the various component programs [trnascan (13) , eufindtrna (14) and cove (15) ] as well as summary data for the entire search. The summary data include counts of the total number of tRNAs found, the number of tRNA pseudogenes found, number of tRNAs with introns and the anticodons that were detected.
The snoscan and snoGPS outputs consist of a summary information line for each predicted snoRNA sequence, followed by the candidate in FASTA format. The summary listing for each hit includes: Also included in the display are graphical representations of the base pairing in the target-guide region and the secondary structure of the stem motif(s). Snoscan and snoGPS scores for known snoRNA sequences for various species are available on the website for comparison. Sample abbreviated output records from each of the three servers are shown in Figure 1 . Further details on the use of the servers and the interpretation of their results are available in README files accessible from each of the servers.
DISCUSSION
Ideally, genome centers would annotate newly sequenced genomes with our software (in downloaded form), and individual users might not need to use our programs. However, to date, genome centers generally have not used snoscan or snoGPS. As a result, snoRNAs are missing from many annotated genomes. Other uses of the server implementations of our software include screening for tRNAs and snoRNAs in 'Rnomics' (16) experiments of genomes that are not completely sequenced, and checking potential target sites of known or putative snoRNAs. With the introduction of the tRNAscan-SE, snoscan and snoGPS servers, such computational detection and analysis of tRNA and snoRNA sequences become available to a much larger class of researchers.
Although the web server produces identical results to those generated by the original standalone programs, the web server implementation is less powerful for the scanning of large genomes and in terms of flexibility. The probabilistic algorithms used by the snoRNA programs can be relatively slow. Depending on the program, the search parameters used and the query and target sequence lengths, execution times can take a long time: hours or even days. Since the web server is intended as a shared resource, limitations on query and target sequence lengths are incorporated. Whole-genome snoRNA searches on the server are not currently possible; whole genome tRNA searches are limited to queries of five million base pairs or less.
The web server implementation is also limited in its ability to modify the underlying search model and training parameters. Generally, this is not an issue since the models and parameters have been optimized for their specific applications. In some cases, such as scanning genomes with unusual background base compositions, retraining the scan parameters can improve performance. In practice, we have found that search performance is only minimally impacted by inaccurate background base compositions. However, for optimal performance, creating a new model with correct background base compositions (i.e. using the downloaded software) is preferable.
Notwithstanding these limitations, in most cases the web server implementations of tRNAscan-SE, snoscan and snoGPS have essentially all of the capabilities of the standalone software with much easier user interfaces and gentler learning curves. We expect that access to these tools will enable more researchers to search for additional examples of these Figure 1 . Sample web server output. Typical (A) tRNAscan-SE, (B) snoscan and (C) snoGPS outputs generated by the web server. For all three sample outputs, the result data have been abbreviated for clarity.
